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Abstract 

Both  normal  and  chronically  denervated  rat  muscle 
were  investigated  isometr ically  and  isotonically  at 
the  temperatures  10°C/  15°C/  20°C/  25°C/  30°C  and  35°C. 
Changes  were  found  in  the  duration  of  the  active  state 
plateau,  following  denervation.  Isometric  twitch  and 
tetanus  tension  were  also  changed  by  denervation.  However, 
isotonic  parameters  were  not  greatly  altered  by  denervat¬ 
ion.  The  ratio  a/Po  was  found  to  be  about  0.20  over  the 
temperature  range  15°C  to  35°C  for  both  normal  and  dener¬ 
vated  muscle,  except  for  denervated  muscle  at  15°C  which 
had  a  ratio  of  0.08.  The  maximum  velocity  of  shortening 
was  not  greatly  changed  by  denervation.  The  isometric 
changes  were  attributed  to  elasticity  changes. 
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INTRODUCTION 

Muscle  exists  in  two  states.  One  is  a  "resting" 
state  in  which  it  is  extensible  and  passive  in 
relation  to  its  mechanical  environment.  The  second 
is  an  "active"  state  in  which  the  muscle  develops 
tension  and  is  capable  of  shortening.  It  is  the  active 
state  of  muscle  with  which  the  present  work  is  concerned. 

Resting  state  is  transformed  into  active  state 
following  the  application  of  an  adequate  stimulus.  A 
stimulus  can,  theoretically,  be  any  change  in  environ¬ 
ment  of  a  sufficient  intensity  to  evoke  the  active' 
state.  Chemical,  mechanical,  and  electrical  changes 
are,  however,  the  stimuli  most  commonly  met  with, 
although  heat  stimulus  has  been  used.  For  striated 
muscle,  the  stimulus  found  in  nature  appears  to  be 
chemical,  the  chemical  being  acetylcholine.  However, 
in  vitro,  electrical  stimuli  are  better  than  chemical 
ones  and  produce  more  natural  results,  because  of  the 
difficulties  involved  in  applying  minute  quantities  of 
acetylcholine  to  the  end  plate  region  of  the  muscle  in 
the  same  fashion  as  occurs  in  vivo.  Also,  electrical 


stimulation  of  striated  muscle  is  far  easier  to  control 
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with  respect  to  rate  and  intensity  than  chemical  stimulat¬ 
ion  and,  when  investigating  mechanical  aspects  of  the 
active  state  of  muscle,  electrical  stimulation  is  the 
usual  choice.  Both  chemical  and  electrical  stimulation 
cause  the  muscle  to  depolarize,  which  appears  to  be  the 
fundamental  requirement  for  the  initiation  of  the  active 
state. 

The  active  state  is  characterized  by  an  abrupt  onset 
of  an  ability  to  develop  tension  very  shortly  after  the 
application  of  an  adequate  stimulus.  The  period  of  time 
between  the  application  of  the  stimulus  and  detectable 
tension  generation  is  referred  to  as  the  latent  period. 

For  example,  in  frog  sartorious  at  0°C,  Hill  (15)  reports 
a  latent  period  of  three  milliseconds.  If  free  to  do  so, 
the  active  muscle  will  begin  to  shorten  as  well  as  develop 
tension.  If  attached  to  a  compliant  mounting,  muscle 
will  both  shorten  and  develop  tension.  The  ability  to 
shorten  and  develop  tension  increases  to  a  maximum  value 
and  then  declines  to  zero,  following  a  single  stimulus. 
This  response  is  referred  to  as  a  twitch.  If  a  second 
stimulus  is  applied  to  the  muscle  before  its  tension  or 
shortening  has  returned  to  zero,  the  active  state  is 
enhanced  such  that  greater  tension  or  shortening  occurs 
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than  in  the  case  of  one  stimulus.  If  the  two  stimuli  occur 
sufficiently  close  in  time,  the  tension  or  shortening 
develops  in  a  smooth  continuous  fashion.  A  great  many 
stimuli  so  applied  to  muscle  do  not,  however,  cause 
unending  increases  in  tension  or  shortening.  A  maximum 
generated  tension  is  found  to  exist  for  any  muscle,  which 
it  cannot  exceed.  Maximum  shortening  is  limited  by  the 
structure  of  muscle  cells.  A  multiple  stimuli  induced 
contraction  of  muscle  is  referred  to  as  tetanus. 

For  mechanical  measurements  on  muscle,  three  basic 
mechanical  connections  to  muscle  are  used. 

JL  Isometric 

This  is  characterized  by  a  connection  that  does  not 
deform  when  the  attached  muscle  develops  tension. 

2_  Isotonic 

The  isotonic  connection  is  such  that  the  active  muscle 
experiences  a  fixed  load  throughout  its  contraction. 

_3  Auxotonic 

The  auxotonic  connection  lies  between  the  two  extremes 
of  isometric  and  isotonic  connections.  It  is  a  connection 

which  deforms  in  a  fashion  functionally  related  to  the 

* 

tension  generated  by  the  muscle.  A  linear  auxotonic  connect¬ 
ion  would  obey  Hooke's  Law  (e.g.  -  a  spring)  and  a  non- 


' 


4 


linear  auxotonic  connection  obeys  some  non-linear  relation¬ 
ship  between  its  deformation  and  applied  tension.  All 
connections  are,  in  point  of  fact,  special  cases  of  the 
non-linear  auxotonic  connection. 

Active  muscle  behaves  in  part  as  though  it  consisted 
of  a  contractile  component  in  series  with  an  elastic 
component.  Thus,  under  non-isotonic  conditions,  the 
contractile  component  stretches  the  elastic  component.  To 
study  the  contractile  system  alone,  isotonic  conditions 
are  required  so  that  elastic  effects  are  eliminated.  Under 
isotonic  conditions,  it  has  been  found  (11)  that  the 
initial  velocity  of  shortening,  which  is  also  the  maximum 
velocity  of  shortening  for  any  given  load,  and  the  load 
applied  to  the  muscle  obey  with  some  degree  of  correlation 
the  relationship: 

(P+a)  (v+b)  =  (Po  +  a)  b 

where  P  is  the  load  applied,  v  is  the  initial  velocity  of 
shortening,  Po  is  the  maximum  isometric  tension  the  muscle 
can  generate,  and  a  &  b  are  constants  for  the  muscle. 

It  is  obvious  from  this  expression  that  with  light 
loads  muscle  shortens  rapidly,  and  with  heavy  loads  muscle 
shortens  slowly. 

Since  the  maximum  velocity  of  shortening  occurs  in 
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muscle  immediately  following  a  short  latent  period  (15)  it 
appears  that  active  muscle  is  maximally  activated  by  a 
single  stimulus.  Further,  if  a  muscle  with  an  isometric 
connection  is  rapidly  stretched  just  as  it  begins  to 
shorten,  so  that  the  series  elasticity  is  stretched  some¬ 
what,  the  tension  recorded  rapidly  rises  to  a  value 
approximating  the  maximum  isometric  tetanic  tension  (Po) 
that  the  muscle  can  generate  (12).  However,  since  this 
tension  eventually  falls  to  zero  as  the  muscle  relaxes, 
the  active  state  is  maximal  only  transitionally.  The 
period  of  time  during  which  the  active  state  is  maximal 
is  often  referred  to  as  the  plateau  of  the  active  state. 

By  applying  many  stimuli  at  appropriate  times,  this 
plateau  can  be  extended,  the  result  being  a  fused  tetanus. 

If  the  active  state  (or  more  appropriately  the 
intensity  of  the  active. state)  declines  somewhat  from  the 
plateau  value  before  being  reinstated  to  maximum  value  by 
a  subsequent  stimulus,  then  unfused  tetanus  is  observed. 
Using  this  principle,  some  researchers  have  measured  the 
duration  of  the  plateau  of  the  active  state  in  muscle.  (22) 


(27). 
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Effects  of  Temperature 

The  effect  of  temperature  on  striated  muscle  is  by  no 
means  clear.  Hill  (16)  reported  that  in  frog  sartor ius 
and  tortoise  iliotibialis  muscle,  twitch  tension  decreased 
with  increased  temperatures.  MacLagan  &  Zaimis  (21)  found 
in  cat  tibialis  anterior  muscle  that  twitch  tension  decreased 
with  temperature  decrease  from  36°C  to  30°C/  the  decrease 
being  22%  of  the  former  value.  Truong  et  al.  (29)  reported 
that  isometric  twitch  tension  was  greatest  at  20°C  in  the 
rat  triceps  surae,  with  a  linear  fall  with  temperature 
increases  above  this.  Padsha  (25)  had  a  similar  finding 
for  the  bat  wing  muscle,  with  maximum  twitch  tension 
occurring  at  24°C. 

Hill  (16)  also  reported  that  tetanic  tension  increased 
with  temperature  for  frog  sartorius  muscle  over  the  range 
0°C  to  10°C.  Above  10°C,  no  further  increase  was  seen. 

Hajdu  (10)  found  for  frog  sartorius  that  maximum  tetanic 
tension  was  obtained  at  15°C,  with  lower  values  above  and 
below  this  temperature.  He  also  found  that  rat  diaphragm 
muscle  produced  maximum  tetanic  tension  at  30°C,  with  only 
little  tension  decrease  from  this  value  at  15°C  and  at  35°C. 
This  work  has  been  criticized  by  Walker  (30)  on  the  grounds 
that  the  frequency  of  stimulation  at  higher  temperatures  was 
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too  low  to  produce  fused  tetanus.  64  Hz.  was  used  for  the 
temperature  range  15°C  to  45°C.  Doudoumopoulos  et  al.  (4) 
found  maximum  tetanic  tension  in  rat  gastrocnemious  muscle 
at  18  -  26°C,  but  again  the  frequency  of  stimulus  at  higher 
temperatures  was  criticized  as  being  too  low  to  effect 
fused  tetanus  (Walker  (30)).  Truong  et  al.  (29)  found 
isometric  tetanus  tension  to  be  directly  proportional  to 
temperature  over  the  range  of  temperatures  15°C  to  40°C. 
Stimulus  frequencies  as  high  as  250  Hz.  were  used. 

Cullingham  et  al.  (3)  found  a  greater  rise  in  tetanic 
tension  at  lower  rather  than  at  higher  temperatures,  but 
otherwise  had  the  similar  finding  that  tetanic  tension 
increased  with  temperature  increases.  If  Walker's 
criticisms  are  valid,  then  it  would  seem  that  tetanic 
tension  increases  with  temperature. 

Little  has  been  written  in  the  literature  concerning 
the  effects  of  temperature  on  isotonic  parameters  of  muscle. 

The  effects  of  temperature  on  denervated  muscle  para¬ 
meters  likewise  are  poorly  chronicalled .  While  it  is  well 
known  that  denervation  results  in  increased  acetylcholine 
sensitivity,  and  that  in  general  muscle  tends  to  atrophy 
following  denervation  (28),  very  little  else  has  been 


written. 
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The  present  study  was  undertaken  to  try  to  elucidate 
some  of  the  mechanical  parameters  of  muscle,  both  as  a 
function  of  temperature  and  of  the  integrity  of  the  nerve 


supply  to  the  muscle. 
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METHODS 

In  all  cases,  rats  of  the  Wistar  strain  were  used. 

Their  weights  ranged  from  200  to  400  grams  with  the 
majority  weighing  between  250  and  350  grams. 

The  muscle  used  was  the  diaphragm,  either  innervated 
or  denervated. 

Innervated  muscle  was  removed  as  a  hemidiaphragm, 
from  which  thin  strips  were. later  dissected.  Upon  removal, 
the  muscle  was  placed  in  cold  oxygenated  and  curarized 
Krebs'  solution.  The  gas  mixture  used  for  oxygenation 
was  95%  O2  and  5%  CO2 . 

Dissection 

Muscle  was  dissected  out  from  the  hemidiaphragm  in 
thin  strips  2  to  4  millimeters  wide  at  the  dorsal  attachment 
and  somewhat  wider  at  the  costal  attachment,  an  increase 
which  arose  from  following  the  line  of  the  fibers  to  avoid 
unnecessary  transection  of  fibers.  Much  of  the  dorsal 
tendon  was  retained  for  purposes  of  attachment  to  a  trans¬ 
ducer.  Since  the  muscle  terminates  very  close  to  the  ribs 
with  only  a  very  short  length  of  tendon,  a  small  amount  of 
rib  was  left  attached  to  the  muscle  for  connection  to  a 
transducer.  The  weight  of  typical  strips,  when  later  freed 
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of  their  tendons,  was  the  order  of  25  to  60  milligrams. 

Denervation 

Denervation  was  performed  two  to  three  weeks  prior  to 
use  experimentally.  The  anaesthetic  was  interper itoneal 
sodium  pentothal.  The  rat  was  denervated  by  removal  of  a 
length  of  the  phrenic  nerve  in  the  region  of  the  left 
brachial  plexus,  the  denervated  muscle  being  the  left 
hemidiaphragm. 

Both  denervated  and  non-denervated  rats  were  used. 

In  some  of  the  earlier  experiments,  both  the  denervated 
and  the  normal  hemidiaphragms  were, removed  from  the  same 
rat  and  both  were  used  experimentally.  Later,  only  one 
hemidiaphragm  was  used  from  each  rat  sacrificed.  Thus 
in  these  experiments  the  "normal"  muscle  data  was  from 
non-operated  rats  and  the  denervated  muscle  data  was  from 
previously  denervated  rats. 

The  strips  of  muscle  were  dissected  in  the  same  fashion 
for  denervated  muscle  as  they  were  for  normal  muscle. 

Muscle  Bath 

Following  dissection,  the  strip  was  placed  in  a  chamber 
through  which  Krebs  was  continuously  perfused.  Two  types 
of  chambers  were  used.  The  first  was  horizontal  in  which 
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all  isometric  measurements  were  made.  The  second  was 
vertical  in  which  the  isotonic  measurements  were  made. 

1.  Horizontal  Muscle  Chamber 

This  was  made  of  clear  plastic.  The  bath  in  which  the 
muscle  rested  was  directly  above  a  larger  chamber  through 
which  water  at- various  temperatures  circulated.  Also 
passing  through  this  water-filled  chamber  was  a  coil  of 
stainless  steel  tubing  inside  of  which  passed  the  oxygenated 
Krebs  solution  which,  on  passing  through  the  water  bath, 
equilibrated  with  the  temperature  of  the  water  in  the  large 
chamber.  It  then  emptied  into  the  smaller  bath.  A 
thermistor,  connected  to  control  the  heating  and  cooling 
system  for  the  water  in  the  larger  chamber,  was  placed  in 
the  small  muscle  bath.  Excess  Krebs  passed  out  of  a  drain 
hole  and  was  carried  away  by  suction  to  a  collecting  jar. 

A  platinum  stimulating  electrode  2  centimeters  by  2 
millimeters  was  laid  in  the  bath  so  that  the  muscle  strips 
could  rest  on  it  longitudinally.  This  served  as  the 
cathode.  An  anode  was  placed  elsewhere  in  the  bath.  Two 
transducers  were  connected  to  the  muscle  strip,  one  at 
each  end.  They  served  the  double  purpose  of  transducers 
and  attachments  for  the  muscle. 
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2.  Vertical  Muscle  Chamber 

Like  the  horizontal  chamber,  this  was  made  of  clear 
plastic.  It  was  a  modification  of  that  used  by  McCrorey, 

Gale  and  Alpert  (23),  consisting  of  two  concentric  tubular 
chambers.  The  outer  chamber  had  only  an  inlet  and  an 
outlet  hole  for  circulating  water,  and  was  used  to  control 
the  temperature  of  the  inner  chamber.  The  inner  chamber 
was  open  on  top  and  closed  on  the  bottom  so  that  Krebs 
would  not  leak  out.  A  wire  was  passed  through  a  mercury 
seal  which  consisted,  of  a  small  globule  of  mercury 
surrounding  the  0.009"  wire  that  passed  through  a  0.020" 
hole  in  a  plug  in  the  bottom  of  the  chamber.  Surface 
tension  in  the  mercury  maintained  a  water-tight  seal,  with 
a  minimum  of  friction  at  the  point  of  contact  with  the 
wire  because  the  stainless  steel  wire  was  not  wetted  by 
the  mercury.  Krebs,  equilibrated  at  the  temperature  of 
the  circulating  water  by  means  of  a  condensing  coil  arrange¬ 
ment,  entered  the  inner  chamber  from  the  bottom  and  passed 
out  as  an  overflow  at  the  top  through  a  section  of  tubing 
and  was  discarded.  A  thermistor,  used  to  regulate  the 
temperature  of  the  circulating  water  in  the  outer  chamber, 
was  placed  in  the  inner  chamber. 

A  single  unit  which  contained  the  stimulating  electrodes 
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and  tension  transducer,  and  the  bottom  plug  complete  with 
the  mercury-sealed  wire,  fitted  into  the  inner  chamber. 

To  this  unit  was  attached  the  muscle  strip.  One  end  of 
the  muscle  was  attached  to  the  tension  transducer  and  the 
other  to  the  mercury-sealed  wire.  After  installation  in 
the  inner  chamber,  the  wire  was  attached  to  the  displace¬ 
ment  transducer.  The  stimulating  electrodes  ran  parallel 
to  the  muscle  and  on  either  side  of  it  so  that  the  entire 
muscle  would  be  stimulated  simultaneously,  thereby 
eliminating  propagated  action  potentials. 

Stimulation 

Stimulation  was  achieved  by  the  use  of  supramaximal 
rectangular  pulses,  delivered  to  the  muscle  by  "massive" 
electrodes  which  ran  the  length  of  the  muscle.  The  stimulat¬ 
ing  pulses  were  generated  by  a  Grass  S-4  stimulator.  The 
stimulator  controlled  the  duration,  amplitude,  and  frequency 
of  the  stimuli.  The  stimulator  was  "gated"  on  and  off  by 
means  of  Tektronix  160  Series  waveform  generator  modules. 

The  gating  signal  was  in  turn  controlled  by  the  oscilloscope 
sweep.  Thus,  by  initiating  the  oscilloscope  sweep,  the 
stimuli  were  automatically  applied  to  the  muscle.  All 
parameters  were  adjustable. 
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Tension  Recording 

Tension,  in  all  cases,  was  recorded  with  a  Statham 
Gl-4-250  force  transducer  (unbonded  strain  gauge) 
amplified  by  a  Tektronix  Type  Q  plug-in  carrier  amplifier. 
This  device  had  a  compliance  of  0.32  microns  per  kilodyne. 

Displacement  Recording 

Displacement  was  recorded  by  means  of  a  Linearsyn 
595DT-100  differential  transformer.  The  Linearsyn  was 
amplified  by  a  second  Tektronix  Type  Q  carrier  amplifier. 
This  device  had  a  linear  region  of  +2 . 5  millimeters  from 
null  and  the  moving  core  weighed  only  290  milligrams. 

With  its  attachments  to  the  muscle'  and  weight-pan  included, 
the  moving  core  weighed  400  milligrams.  This  constituted 
the  minimum  load  applied  to  the  muscle  during  isotonic 
contraction.  Unlike  the  more  common  lever  systems  used, 
this  system  had  an  inertial  mass  equal  to  the  load  applied. 

dP/dt  Recording 

Due  to  problems  associated  with  carrier  frequency 
of  the  Tektronix  Type  Q  preamplifiers,  the  time  rate  of 
change  of  tension  (dP/dt)  was  obtained  by  using  a  transducer 
that  provided  dP/dt  directly,  rather  than  using  the  method 
of  electrical  differentiation  of  the  tension  record.  A 
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FIGURE  Ml 


Calibration  Curve  for  dP/dt  Transducer. 

The  abscissa  determined  graphically,  the  ordinate 
is  the  transducer  output.  Best  fitting  straight  line 

drawn.-  (Least  squares) 

dP/dt 

(mv) 


dP/dt 


12 

(  10~2  gm/ms) 
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transducer  was  developed  which  made  use  of  the  fact  that 
the  voltage  generated  by  piezo-electric  substances  is 
proportional  to  the  rate  at  which  these  substances  are 
deformed.  An  Astatic  #83-1  ceramic  phonograph  cartridge 
was  used  as  the  active  element.  The  cartridge  choice 
was  arrived  at  after  first  using  an  Astatic  #20  as  was 
used  by  Foulks  and  Perry  (7).  The  Astatic  #20  has  a 
rochelle  salt  crystal,  which  is  very  temperature- 
dependent  over  the  temperature  range  of  0°C  V  to  40°C. 

Unlike  the  Astatic  #20,  the  #83-1  uses  a  barium  titanate 
crystal.  Barium  titanate  does  not  exhibit  any  marked 
output  variation  over  the  temperature  range  cited. 

The  output  voltage  of  the  transducer  was  coupled  to 
the  input  of  a  Tektronix  Type  1A7  differential  amplifier. 

The  1A7  has  a  variable  bandwidth,  which  can  be  made  as  low 
as  100  Hz.  and  which  is  selectable  in  steps  of  1:3:10. 

At  high  noise  levels,  the  bandwidth  was  reduced,  but 
typically  the  upper  corner  frequency  was  set  at  300  Hz.  or 
1000  Hz.  The  lag  so  introduced  was  only  significant  at  high 
rates  of  change  of  tension,  and  was  less  than  1  millisecond 
during  the  period  of  maximum  acceleration  at  35°C.  The 
measurement  of  the  duration  of  the  active  state  plateau 
was  not  affected  by  this  lag,  since  the  bifurcation  of  the 
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single  and  double  twitch  curves  (see  Active  State  Methods) 
occurred  after  this  period  of  maximum  acceleration  of  the 
muscle.  At  lower  temperatures,  the  lag  was  insignificant. 

Calibration  data  for  the  #83-1  transducer  are  shown 
in  Figure  Ml.  The  abscissa,  the  maximum  rate  of  rise  of 
tension,  was  determined  graphically  from  records  of  the 
time  course  of  isometric  tension.  The  records  used  were  a 
sampling  from  all  temperatures  used  in  the  investigation. 

The  ordinate,  the  output  for  the  #83-1  at  the  time  at  which 
the  rate  of  rise  of  tension  was  maximum,  was  measured  in 
millivolts.  The  graphically  determined  dP/dt  was  measured 
at  the  same  time  after  the  stimulus  as  its  corresponding 
electrical  dP/dt.  As  can  be  seen  in  the  figure,  the 
appropriate  scale-factor  for  the  #83-1  was  found  to  be 
6.75x10“3  grams  per  millisecond  per  millivolt. 

As  a  further  enquiry  into  the  validity  of  the  calibrat¬ 
ion,  two  pairs  of  force  and  dP/dt  curves  were  analysed  to 
determine  how  well  the  first  derivative  of  the  force  matched 
the  dP/dt  curve.  One  pair  of  curves  was  taken  from  a  twitch 
at  10°C  and  the  other  from  a  twitch  at  30°C. 

(a)  For  the  curve  taken  at  10°C,  paired  samples  were 
taken  every  20  milliseconds.  The  tension  samples  formed 
a  sequence  which  was  approximately  differentiated  by  forming 


' 
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the  central  differences  given  by: 


A  Fi  +i 


2.  _ 


(Fi 


+  1 


-  F.  ) 

l > 


A  t 


20 


grams  per  millisecond 


where  F^  is  the  _^th  term  in  the  tension  sequence,  20 
milliseconds  is  the  time  between  any  two  samples,  and 
F^+^  is  the  _^th  term  in  the  difference  sequence.  It  is 
strictly  valid  for  t_^+10  milliseconds.  The  dP/dt  sequence 
was  thus  linearly  interpolated  so  that  the  generated 
sequence  would  be  comparable  term  for  term  with  respect  to 
time.  The  interpolation  was  performed  by  using  the  relat¬ 
ionship: 


Si+^ 


(si+i  +  si)/2 


With  the  rate  sequence  linearly  regressed  on  the 
difference  sequence,  it  was  found  that  the  two  sequences 
were  highly  correlated  with  =  0.968  for  35  elements. 

The  standard  error  of  the  estimate  was  0.0002  grams  per 
millisecond.  The  equation  best  fitting  the  data  was: 

dP/dt  =  6.83x10  x (Transducer  output  in  millivolts) 

+  4xl0“4  grams  per  millisecond 
The  term  4xl0-4  indicates  a  zero  error,  probably  associated 
with  the  sampling  technique  used.  This  data  is  shown  graph¬ 
ically  in  Figure  M2. 
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FIGURE  M2 


dP/dt  Transducer  Calibration  from  Isometric 

Twitch  at  10°C. 


The  abscissa  transducer  output  in  millivolts, 
the  ordinate  is  the  corresponding  rate  of  change 
of  tension  in  grams  per  millisecond.  Best  fit¬ 
ting  straight  line  drawn.  (Least  squares) 


(gm/ms  xlO-^) 


. 


dP/dt  Transducer  Calibration  from  Isometric  Twitch  at  30 
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(b)  For  the  curve,  sampled  at  30°C/  the  interval  between 
samples  was  2  milliseconds. 

The  same  method  as  that  given  above  was  used. 

For  39  elements,  =  0.981  was  found  to  be  the  case. 

The  standard  error  of  the  estimate  was  1.44xlO-Z^  grams  per 
millisecond.  The  equation  best  fitting  the  data  was: 

dP/dt  =  6 . 32xl0“^x (Transducer  output  in  millivolts) 

—  3 

+  4.47x10  grams  per  millisecond 

_  "3 

Again,  a  zero  error  of  4.47x10  grams  per  millisecond 
can  only  be  due  to  a  sampling  error.  The  maximum  transducer 
output  of  21  millivolts  for  this  case  sets  the  effect  of 
this  zero  error  as  a  3%  of  full-scale  error.  The  data  for 
this  case  is  shown  graphically  in  Figure  M3. 

Since  better  accuracy  was  not  warranted,  the  transducer 
scale  factor  was  rounded  to  6.5x10  grams  per  millisecond 
per  millivolt. 

Isometric  Methods 

All  isometric  studies  were  carried  out  in  the  horizon¬ 
tal  muscle  chamber.  Stimulation  was  supramaximal  and  trans¬ 
verse. 

The  rest-length  for  the  muscle  was  determined  at  the 
beginning  of  each  experiment.  The  muscle  was  given  incremental 
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length  increases  and  the  twitch  tension  measured  for  each 
incremental  length  change.  That  length  at  which  maximum 
twitch  tension  was  observed  was  taken  to  be  rest-length. 

One  end  of  the  muscle  was  connected  to  a  tension 
transducer  and  the  other  was  connected  to  a  rate  of  change 
of  tension  (dP/dt)  transducer. 

(1)  Tension 

Twitch  tension  was  recorded  prior  to  tetanic  tension 
at  each  temperature  and  frequency  of  stimulus.  Before 
each  twitch,  the  muscle  was  given  time  to  recover  from 
the  effects  of  previous  stimulation  so  that  post-tetanic 
potentiation  effects  would  be  avoided. 

Tetanic  tension  was  recorded  at  three  frequencies  of 
stimulation  at  each  temperature.  In  a  pilot  study,  a  range 
of  frequencies  was  determined  that  gave  optimum  tetanic 
tension  for  each  temperature.  From  this  data,  three  frequencies 
were  chosen  for  each  temperature  such  that  one  frequency  was 
usually  too  low,  one  was  too  high,  and  one  was  just  right  to 
cause  maximum  tetanic  tension.  The  frequencies  were  chosen 
in  the  ratio  1:2:4.  Since  there  was  variation  in  .the  muscles 
the  center  frequency  did  not  always  give  the  maximum  tension. 

(2)  Active  State  Duration 

Active  state  plateau  duration  was  inferred  by  the  method 
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of  MacPherson  &  Wilkie  (22).  A  single  twitch  and  a  double 
stimulus  twitch  were  superimposed  on  the  face  of  a  storage 
oscilloscope  and  then  photographed.  The  duration  of  the 
plateau  of  the  active  state  was  taken  as  the  interval 
between  the  application  of  the  first  stimulus  and  the 
bifurcation  of  the  two  tension  records.  This  procedure 
was  repeated  with  successively  decreasing  intervals  between 
the  double  stimuli  until  the  duration  of  the  active  state 
plateau  no  longer  was  reduced  by  reducing  the  stimulus 
interval . 

» 

To  achieve  increased  sensitivity  in  the  measurement  of 
the  active  state  plateau  duration,  all  measurements  were 
performed  on  the  rate  of  change  of  tension  recording  (dP/dt) 
rather  than  on  the  tension  recording,  as  proposed  by 
MacPherson  &  Wilkie  (22). 

Isotonic  Methods 

All  isotonic  studies  were  carried  out  with  the  muscle 
mounted  in  the  vertical  muscle  chamber.  Stimulation  was 
supramaximal  and  transverse. 

One  end  of  the  muscle  was  connected  to  a  tension  trans¬ 
ducer  and  the  other  was  connected  to  a  displacement  trans- 


duc er . 


Also  attached  to  the  displacement  transducer  was  a 


. 
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hook  to  which  a  weight  pan  and  weights  could  be  connected. 

When  attached,  the  weight  pan  rested  on  a  support  so  that 

* 

the  muscle  had  to  first  shorten  somewhat  before  experiencing 
the  load.  This  was  done  to  prevent  passive  stretching  of 
the  relaxed  muscle. 

Shortening  velocities  were  determined  from  the  dis¬ 
placement  record  by  graphically  ascertaining  the  slope. 

The  tension  records  provided  information  on  the  inertial 
effects  of  the  load  which,  if  unrecorded,  could  lead  to 
erroneous  force-velocity  results.  A  range  of  loads  was 
applied  to  the  muscle  at  each  temperature  investigated  and 
the  appropriate  values  for  the  constants  "a",  "b",  "a/Po", 

and  "Po"  were  solved  for,  as  described  in  Appendix  1. 

As  in  the  isometric  case,  appropriate  frequencies  of 
stimulus  were  used  for  each  temperature,  but  it  was  found 
that  over  a  broad  range  of  values  the  isotonic  shortening 
velocity  was  insensitive  to  frequency  changes.  Walker  (30) 


also  found  thi*s . 
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RESULTS 

The  results  about  *to  be  presented  were  obtained  from, 
preparations  of  rat  diaphragm  as  described  in  the  Methods 
Section.  They  form  a  comparison  of  some  of  the  mechanical 
parameters  of  normal  and  denervated  rat  diaphragm  muscle. 

1 .  The  Effect  of  Temperature  on  Isometric  Twitch  Tension 

Thirty-one  experiments  were  performed  on  normal  muscles. 
Thirteen  experiments  were  performed  on  rats  in  which  the 
left  hemidiaphragm  had  been  denervated  about  two  weeks 
previously.  Observations  were  made  at  10,  15,  20,  25,  30 
and  35°C . 

The  mean  results  are  given  in  Table  Rl  and  are  present¬ 
ed  graphically  in  Figure  Rl. 

The  following  were  the  major  findings :- 

a)  In  normal  muscle,  maximum  twitch  tensions  were  observed 
at  temperatures  of  about  20°C.  At  temperatures  above  and 
below  this,  the  observed  twitch  tensions  were  lower.  The 
twitch  tensions  recorded  at  temperatures  of  35°C  were  lowest 
of  all,  being  significantly  less  than  those  found  at  temper¬ 
atures  of  10°C. 

b)  In  the  chronically  denervated  muscle,  the  lowest  twitch 
tensions  were  found  at  the  lowest  temperature,  namely  10°C. 
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FIGURE  R1 


T\;jj-tch  Tension  of  Normal  and  Denervated  Isolated 

Rat.  Diaphragm  Muscle  versus  Temperature » 
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(kg /cm2) 
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The  recorded  twitch  tension  was  higher  at  each  subsequent 
temperature  increase,  being  highest  at  temperatures  of 
35°C. 

c)  The  twitch  tensions  of  denervated  muscle  were  much  lower 
than  those  of  normal  muscle  at  lower  temperatures.  The 
difference  became  less  marked  with  rising  temperatures  until 
at  the  highest  temperature  the  twitch  tension  of  denervated 
muscle  was  actually  higher  than  that  of  normal  muscle. 

2 .  The  Effect  of  Temperature  on  Maximum  Isometric  Tetanus 

These  observations  were  made  on  the  same  muscles  referred 
to  in  Section  1  above..  Hence,  thirty-one  experiments  were 
performed  on  muscle  from  normal  hemidiaphragms  and  thirteen 
were  performed  on  muscle  from  denervated  hemidiaphragms. 
Observations  were  made  at  10,  15,  20,  25,  30  and  35°C. 

The  mean  results  are  given  in  Table  R2  and  are  presented 
in  graphical  form  in  Figure  R2 . 

The  following  were  the  major  findings 
a)  In  normal  muscle  maximum  tetanic  tensions  were  obtained 
at  temperatures  of  about  25°C.  At  temperatures  above  and 
below  this,  tetanic  tensions  were  lower.  This  finding  was 
similar  to  that  on  twitch  tension.  However,  in  contrast  with 
twitch  tension,  the  tetanic  tension  at  35°C  was  substantially 
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FIGURS  R2 

Tetanic  Tension  of  Normal  and  Denervated  Isolated 
Rat  Diaphragm  Muscle  versus  Temperature . 
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higher  than  those  at  10°C  and  only  slightly  lower  than 
the  maximum  finding  recorded  at  25°C. 

b)  In  the  chronically  denervated  muscle,  tetanic  tensions 
were  lowest  at  the  lowest  temperature  and  progressively 
increased  with  each  temperature  increase.  Maximum  tensions 
were  recorded  at  35°C.  These  findings  are  like  those  for 
twitch  tension  in  denervated  muscle. 

c)  Tetanic  tensions  were  always  lower  in  denervated  muscle 
than  in  normal  muscle,  this  being  particularly  marked  at  the 
lower  temperatures.  The  differences  were  relatively  slight 
at  the  highest  temperature. 

3 .  The  Effect  of  Temperature  on  the  Isometric  Twitch/ 

Tetanus  Tension  Ratio 

The  twitch/tetanus  ratio  indicates  the  relative  tension 
generated  following  one  maximal  stimulus  compared  with  the 
tension  generated  by  the  muscle  as  a  result  of  a  tetanising 
stimuli  .  Tetanic  tension  approximates  the  maximum  tension 
that  the  muscle  is  capable  of  generating;  the  ratio  is 
therefore  some  indication  of  the  efficiency  of  a  single 
twitch . 

These  ratios  were  calculated  from  the  data  presented  in 
Sections  1  and  2  above.  The  results  are  given  in  Table  R3 
and  are  presented  graphically  in  Figure  R3. 
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FIGURE  R3 


Normal  and  Denervated  Muscle  Twitch  /  Tetanus 

Ratio  versus  Temperature, 


Twitch  /  Tetanus 
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The  following  summarises  the  fingings:- 

a)  In  normal  muscle,  maximum  ratios,  with  a  mean  of 
0.47,  were  obtained  at  10°C.  The  ratio  declined  with 
increasing  temperatures  and  the  mean  of  the  ratios  observed 
at  35°C  was  0.23. 

b)  In  denervated  muscle,  the  mean  twitch/tetanus  ratio 
remained  relatively  constant  at  about  0.33  although  a  sli^it 
rise  in  the  ratios  appeared  to  occur  with  increasing  temp¬ 
eratures  . 

c)  At  the  lower  temperatures,  the  twitch/tetanus  ratio 
was  higher  in  normal  than  in  denervated  muscle.  At  the 
higher  temperatures,  the  twitch/tetanus  ratio  in  denervated 
muscle  exceeded  the  value  of  that  of  normal  muscle. 

4 .  The  Effect  of  Temperature  on  the  Maximum  Rate  of  Rise 

of  Tension  in  Isometric  Twitch 
These  measurements  were  made  as  described  under  Methods. 
Thirteen  experiments  were  performed  on  normal  muscle,  nine 
on  denervated  muscle.  Observations  were  made  at  10,  15,  20, 
25,  30  and  35°C. 

The  mean  results  are  found  in  Table  R4  and  are  presented 
graphically  in  Figure  R4  . 

The  following  were  the  major  findings:- 
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FIGUR2  R4 


Maximum  Rate  of  Rise  of  Tension  in  Isometric  Twitch  of 
Normal  and  Denervated  Muscle  from  Isolated  Rat  Diaphragm 

versus  Temperature . 

Rate  of  Change  of  Tension 
(kg/cin  /sec. ) 


Temperature 
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a)  In  normal  muscle,  very  much  greater  rates  of  rise  of 
tension  were  seen  at  higher  temperatures  than  at  lower 
temperatures.  The  maximum  value,  seen  at  35°C,  was  about 
eight  times  the  minimum  value,  which  was  found  at  10°C. 

The  increase  with  temperature  was  approximately  linear. 

b)  Denervated  muscle  responded  similarly  in  that  the 
greatest  rates  of  rise  of  tension  were  seen  at  the  higher 
temperatures.  However,  the  maximum  value  of  the  rate  of 
rise  of  tension  for  denervated  muscle,  found  at  35°C,  was 
the  order  of  fifty  times  the  minimum  value,  found  at  10°C. 
Over  the  range  of  temperature  used,  denervated  muscle 
values  increased  in  approximately  exponential  fashion, 
with  a  Qj_q  of  approximately  four. 

c)  At  all  temperatures,  denervated  muscle  values  for  rate 
of  rise  of  tension  were  less  than  those  for  normal  muscle. 

At  10°C  the  normal  muscle  values  exceeded  those  of  denervated 
muscle  by  a  factor  of  ten  times.  At  35°C,  however,  normal 
muscle  values  were  only  about  1.5  times  those  of  denervated 
muscle. 

5 .  The  Effect  of  Temperature  on  the  Maximum  Rate  of  Rise 
of  Tension  in  Isometric  Tetanus 
The  results  obtained  are  from  the  same  muscles  as  those 
referred  to  in  the  previous  section,  above.  As  in  the 
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previous  section,  temperatures  of  investigation  were  10,  15, 
20,  25,  30  and  35°C. 

The  mean  results  are  given  in  Table  R5  and  are  presented 
graphically  in  Figure  R5 . 

The  following  were  the  major  findings 

a)  As  in  the  case  of  rates  of  rise  of  tension  in  twitch, 
normal  muscle  rates  of  rise  of  tension  in  tetanus  increased 
greatly  as  the  temperature  was  increased  from  10°C  to  35°C. 
The  ratio  of  the  mean  value  at  35°C  to  the  mean  value  at  10°C 
was  found  to  be  about  twelve. 

b)  Denervated  muscle  rates  of  rise  of  tension  in  tetanus, 
as  in  the  case  of  twitch,  had  a  Q-j_q  of  about  four.  The 
maximum  value,  at  35°C,  was  sixty  times  the  value  found  at 
10°C. 

c)  Again,  as  in  the  case  of  isometric  twitch,  values  of 
maximum  rate  of  rise  of  tension  in  tetanus  for  normal  muscle 
exceeded  those  found  in  denervated  muscle.  At  35°C,  the 
normal  muscle  values  exceeded  the  denervated  muscle  values 
by  a  factor  of  two  times. 

6 .  The  Effect  of  Temperature  on  the  Ratio  of  the  Maximum 

Rate  of  Rise  of  Tension  in  Twitch/Maximum  Rate  of  Rise 

of  Tension  in  Tetanus 


An  explanation  of  the  usefulness  of  this  measure  is 
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FIGURS  R5 


Maximum  Rate  of  Rise  of  Tension  in  Maximum  Isometric 
Tetanus  of  Normal  and  Denervated  Muscla  from  Isolated 

Rat  Diaphragm  versus  Temperature, 

Rate  of  Change  of  Tension 
(kg/cm^/sec. ) 


5°C  15°C  25°C  35° C 
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handled  in  the  discussion  following  the  results  section. 

The  results  described  here  are  derived  from  the  data 
of  the  previous  two  results  sections.  The  results  are 
given  in  Table  R6  and  are  presented  graphically  in  Figure 
R6. 

The  following  were  the  major  findings 

a)  The  ratios  found  in  normal  muscle  at  the  lower  tempera¬ 
tures  were  unity  and  decreased  as  the  temperature  increased 
to  35°C/  with  a  mean  value  at  35°C  of  0.6.  Thus,  although 
the  maximum  rate  of  tension  development  was  the  same  for 
twitch  or  tetanus  at  low  temperatures/  at  35°C  the  rate  in 
twitch  was  0.6  that  in  tetanus. 

b)  For  denervated  muscle,  the  ratio  remained  near  unity 
over  the  entire  temperature  range  of  10°C  to  35°C. 

c)  At  all  temperatures,  the  value  for  this  ratio  for  normal 
muscle  was  less  than  or  equal  to  the  value  for  denervated 
muscle  and  at  the  higher  temperatures  the  ratio  for  normal 
muscle  was  less  than  the  ratio  for  denervated  muscle. 

7 .  The  Effect  of  Temperature  on  Isometric  Twitch  and  Tetanus 

Tension  in  Normal  Isolated  Rat  Diaphragm  Muscle,  when 

Experiments  Begun  at  35°C 

These  experiments  were  performed  in  order  to  elucidate 
the  findings  referred  to  in  Results  Sections  1,  2  and  3  in 
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FIGURE  R6 

The  Ratio  of  Maximal  Rate  of  Rise  of  Tension  in  Twitch/ 

Maximal  Rate  of  Rise  of  Tension  in  Maximum  Tetanus  of 
Normal  and  Denervated  Muscle  versus  Temperature. 
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which  it  was  seen  that  for  normal  muscle  the  tetanic  tension 
ferl  as  the  temperature  was  increased  from  25°C  to  35°C.  It 
was  thought  possible  that  the  decrease  seen  might  have  been 
due  in  part  to  muscle  fatigue,  since  these  experiments  were 
begun,  at  10°C;  the  high  temperature  readings  were  thus  made 
on  muscles  which  had  been  repeatedly  stimulated.  In  this 
section,  all  five  experiments  performed  were  begun  at  35°C 
and  repeated  in  five  degree  steps  down  to  10°C. 

The  mean  results  are  given  in  Table  R7  and  are  presented 
in  graphical  form  in  Figure  R7 . 

The  following  were  the  major  findings 

a)  The  twitch  responses  were  similar  to  those  reported  in 
Section  1,  with  the  peak  twitch  tension  occuring  at  20°C. 
However,  unlike  the  results  of  Section  1,  the  twitch  tension 
at  35°C  was  not  less  than  that  of  10°C.  This  suggests  that 
fatigue  may  well  have  distorted  the  true  picture  for  Section 
1,  and  that  the  results  of  Section  1  were  not  entirely  due  to 
temperature  changes. 

b)  The  tetanic  responses  did  not  indicate  any  outstanding 
peak  tension  at  25°C  as  was  seen  in  the  results  of  Section  2, 
but  rather  a  flat  region  at  30°C  to  35°C  where  the  tension 
was  hardly  altered  by  the  temperature  decrease  and  a  general 
fall  in  tension  as  the  temperature  was  taken  down  to  10°C. 


i 
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FIGURE  R? 

Isometric  Twitch  Tension  and  Maximum  Tetanic  Tension 
versus  Temperature  for  Normal  Isolated  Rat  Diaphragm  Muscle, 

Experiments  begun  at  35°C  and  continued  down  to  10°C. 
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The  values  at  all  temperatures  below  25°C  were  less  than 
the  corresponding  values  found  in  Section  2  for  normal 
muscle.  Again,  fatigue  is  clearly  a  factor  in  these 
experiments.  The  muscle  tension  values  reported  in  Section 
2  at  higher  temperatures  are  probably  lower  than  they  would 
have  been  if  temperature  had  been  the  sole  parameter  involved 
in  the  findings.  On  the  other  hand,  the  values  reported  in 
this  section  for  muscle  tensions  at  lower  temperatures  are 
also  probably  lower  than  they  would  have  been  if  temperature 
had  been  the  sole  parameter  involved. 

The  main  trends  which  can  be  referred  to  temperature 
alone  can  now  be  summarized: - 

a)  In  normal  muscle,  maximum  tetanic  tension  is  found  at 
the  temperature  25°C. 

b)  In  normal  muscle,  tetanic  tensions  recorded  at  temperatures 
above  25°C  are  probably  the  same  as  at  25°C,  that  is  to  say 
maximal . 

c)  Twitch  tensions  show  a  maximum  peak  at  temperatures  of 

2 0°C . •  At  higher  and  at  lower  temperatures  the  tension  devel¬ 
oped  is  less.  It  is  probable  that  the  lowest  levels  recorded 
for  temperatures  of  35°C  in  Section  2  are  too  low  and  that 
the  fall  off  as  temperature  rises  above  20°C  is  less  pro¬ 
nounced  than  the  fall  off  below  20°C,  in  the  absence  of 
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fatigue  factors. 

8 .  The  Effect  of  Temperature  on  the  Twitch/Tetanus  Tension 

Ratio  for  Normal  Muscle,  when  Experiments  Begun  at  35°C 

The  results  given  here  are  based  on  the  results  of 
Section  7 . 

These  results  are  given  in  Table  R8  and  are  presented 
in  graphical  form  in  Figure  R8. 

The  results  are  similar  to  those  of  Section  3  for 
normal  muscle.  There  is  the  difference  that  the  ratios 
given  in  this  section  are,  at  any  given  temperature,  some¬ 
what  higher  than  those  for  normal  muscle  in  Section  3. 

9 .  The  Effect  of  Temperature  on  the  Duration  of  the  Active 

State  Plateau 

This  was  measured  by  the  method  of  MacPherson  &  Wilkie 
(22)  as  described  previously  under  Methods. 

Nineteen  experiments  were  performed  on  normal  muscles. 
Eleven  experiments  were  performed  on  denervated  muscles. 
Observations  were  made  at  10,  15,  20,  25,  30  and  35°C. 

The  mean  results  are  given  in  Table  R9  and  are  presented 
in  graphical  form  in  Figure  R9. . 

The  following  were  the  major  findings 
a)  In  normal  muscle,  the  duration  of  the  active  state 
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FIGURE  R8 

Twitch  /  Tetanus  Ratio  of  Normal  Rat  Diaphragm  Muscle 

versus  Temperature.  Experiments  begun  at  35°C  and 
continued  down  to  10°C. 
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FIGURS  R9 

The  Duration  of  the  Active  State  Plateau  of  Normal  and 
Denervated  Rat  Diaphragm  Muscle  versus  Temperature. 
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plateau  decreased  greatly  as  temperature  was  increased. 

At  low  temperatures  the  duration  exhibited  a  Q^q  of  about 
h,  but  as  the  temperature  increased  towards  35°C  the  Q1Q 
became  The  value  for  the  duration  at  35°C  was  found 

to  be  about  5 %  of  the  value  at  10°C. 

b)  In  denervated  muscle,  a  decrease  in  value  as  the 

temperature  was  raised  was  seen  as  in  the  case  of  normal 
muscle.  But  a  fairly  constant  of  ^  was  seen  for 

denervated  muscle.  Hence,  the  duration  of  the  active 
state  in  denervated  muscle  fell  in  an  exponential  fashion. 
The  value  of  the  duration  of  the  active  state  at  35°C  was 
about  20%  of  the  value  at  10°C. 

c)  At  the  lower  temperatures,  the  durations  of  the  active 
state  plateau  in  normal  muscle  were  found  to  be  longer  than 
those  of  denervated  muscle,  but  at  temperatures  above  20°C 
the  durations  in  denervated  muscle  exceeded  those  in  normal 
muscle. 

10 .  The  Effect  of  Temperature  on  the  Muscle  Constants  of 

Hill's  Characteristic  Equation  for  the  Force-Velocity 

Relationship  of  Muscle 

The  relationship  between  the  force  of  contraction  and 


the  velocity  of  contraction  under  isotonic  conditions  is 
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given  by  Hill's  characteristic  equation: 

(  P  +  a  )  (  v  +  b  )  =  b(Po+a) 
where  P  refers  to  the  force  of  contraction,  v  refers  to  the 
velocity  of  contraction,  Po  to  the  maximum  isometric  tetanic 
tension,  and  a  and  b  are  constants.  Maximum  isometric 
tetanic  tension  is  a  special  case  of  isotonic  conditions  in 
which  the  velocity  of  contraction  is  zero.  That  is  to  say, 
the  muscle  is  not  permitted  to  shorten.  As  described  in 
Appendix  1,  the  muscle  constants  a  and  b  were  determined  by 
fitting  Hill's  equation  to  the  data  using  the  method  of 
least  squares,  with  Po  taken  as  a  pivotal  point. 

Thirteen  experiments  each  were  performed  on  both  normal 
muscle  and  denervated  muscle.  The  experiments  were  begun 
at  35°C,  then  repeated  at  25°C  and  at  15°C.  As  in  the  case 
of  isometric  experiments,  the  denervated  muscle  consisted 
of  left  rat  hemidiaphragms  that  had  been  denervated  about 
two  weeks  prior  to  use. 

The  results  are  given  in  Table  RIO  and  are  presented 
graphically  in  Figures  RIO,  Rll  and  R12. 

The  following  were  the  major  findings 
A)  As  shown  in  Figure  RIO,  the  force-velocity  curves  for 
normal  and  denervated  muscle  at  both  25°C  and  35°Cwere  not 
altered  by  denervation.  At  15°C,  it  can  be  seen  that  the 


Effect  of  Temperature  on  the  Force-Velocity  Parameters  of  Normal 
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figure  RIO 


The  Force-Velocity  Relationships  of  Normal  and  Denervated 

Muscle  at  15°C,  25°C  and  35°C.  (  Based  on  means  of  13  experiments.) 


SHORTENING 
VELOCITY 
(lo/sec. ) 


FORCE  (  P  /  Po  ) 
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figure  Rll 


Maximum  Tetanus  Tension  versus  Temperature  for  Normal 


and  Denervated  Muscle. 


Tetanic  Tension 
(kg/cm2) 


Temperature 
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FIGURS  R12 


Maximum  Tetanic  Tension  versus  Temperature  for  Normal 

and  Denervated  Muscle*  (  Force  units  relative  to  Po  at 
35° C  equal  to  1.0.) 


Tetanic  Tension 
(Relative  Units) 


Temperature 
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figure  R13 


Maximum  Tetanic  Tension  versus  Temperature  for  Normal 


and  Denervated  Muscle  from  Isolated  Rat  Diaphragm. 


Force  units  relative  to  Po  at  35 °C  equal  to  1.0. 


Tetanic  Tension 
(Relative  Units) 


5°C 


i - 1 — 

15°C 


T 


25°C 
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35  °C 
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curves  appear  to  show  some  difference,  but  the  maximum 
velocities  of  shortening  for  both  normal  and  denervated 
muscle  are  not  significantly  different.  All  the  curves 
of  Figure  RIO  are  derived  from  the  data  given  in  Table 
RIO.  The  equation  that  describes  these  curves  is: 

v  =  b (  1  -  P/Po  ) 

1  +  a/Po 

The  constant  b  at  35°C  and  at  25°C  was  essentially 
unaltered  by  denervation,  as  was  the  case  for  the  constant 
a/Po  at  these  two  temperatures.  Both  b  and  a/Po  at  15°C 
were  reduced,  by  denervation,  to  less  than  half  the  value 
for  normal  muscle,  which  explains  the  differences  seen 
between  the  force-velocity  curves  for  normal  and  denervated 
muscle  at  15°C. 

It  can  be  seen  in  Figure  RIO  that  the  maximum  velocities 
of  shortening  double  for  each  ten  degree  rise  in  temperature, 
indicating  a  Q10  of  two  for  this  measure. 

B)  The  Effect  of  Temperature  on  the  Maximum  Isometric 

Tetanic  Tension  in  Isotonic  Experiments  (  Po  ) 

a)  As  seen  in  Table  RIO  and  in  Figure  Rll,  Po  in  normal 
muscle  decreased  with  successive  temperature  decreases. 

b)  As  seen  in  Table  RIO  and  in  Figure  Rll,  Po  in  dener¬ 
vated  muscle  decreased  with  successive  temperature  decreases. 


. 


61 


c)  In  all  cases,  denervated  muscle  developed  less  tetanic 
tension  than  normal  muscle/  at  any  given  temperature. 

d)  In  Figure  R12,  the  data  seen  in  Figure  Rll  has  been 
treated  so  that  the  values  of  Po  at  35°C  are  taken  as 
unity,  and  the  values  at  25°C  and  15°C  are  relative  to  this 
value.  It  can  be  seen  that  the  differences  between  normal 
and  denervated  muscle  seen  in  Figure  Rll  are  considerably 
less  obvious  in  Figure  R12,  although  denervated  muscle  still 
appears  weaker  than  normal  muscle  at  the  lower  temperatures. 

11 .  A  Further  Comparison  of  the  Effect  of  Temperature  on 

Maximum  Isometric  Tetanic  Tension  in  Normal  and 

Denervated  Isolated  Rat  Diaphragm  Muscle 

Using  the  method  described  above,  in  which  the  value 
of  Po  at  35°C  is  taken  to  be  unity,  the  tetanic  data  of 
Table  R7  and  the  denervated  data  of  Table  R2  are  presented 
graphically  in  Figure  R13. 

The  close  similarity  between  normal  and  denervated 
muscle  seen  in  Figure  R12  is  clearly  not  duplicated  here. 

At  all  temperatures  shown,  the  denervated  muscle  is  weaker 
than  the  normal  muscle,  but  by  an  amount  greater  than  that 


observed  in  Figure  R12 . 
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DISCUSSION 

The  muscle  model  o*f  Hill  (12)  assumes  a  two  component 
system  of  contractile  elements  in  series  with  passive 
elastic  ones.  The  contractile  components  are  completely 
described  by  the  force  velocity  parameters  and  the  elastic 
components  are  given  by  that  series  elasticity  which,  when 
coupled  to  the  contractile  components,  results  in  iso¬ 
metric  tetanus  of  the  form  seen. 

In  isometric  twitch,  according  to  the  model  of  Hill 
(12),  a  muscle  is  assumed  to  be  activated  to  a  maximum 
level  just  after  the  latent  period  following  a  single 
stimulus.  This  maximum  level  of  activation  is  maintained 
for  a  period  of  time  known  as  the  duration  of  the  active 
state  plateau.  The  intrinsic  ability  of  the  muscle  to  bear 
tension,  otherwise  referred  to  as  the  intensity  of  the 
active  state,  then  falls  in  approximately  exponential 
fashion  to  zero.  This  approach  is  applicable  to  the 
contractile  components.  Since  series  elasticity  is  present, 
the  tension  recorded  from  whole  muscle  by  isometric  means  does 
not  display  the  same  internal  ability.  Instead,  the  elastic 
components  absorb  the  rapid  changes  and  only  the  slower, 
smooth  curve  seen  in  isometric  twitch  is  transmitted.  When 
the  tension  developed  in  isomet:  ic  twitch  equals  the  intensity 
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FIGURE  Dl 

Two  Hypothetical  Twitches  in  Which  the  Series 

Elasticity  is  Altered. 

Intensity  of 

the  Active  State  (P/Po) 
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FIGURE  D2 

Two  Hypothetical  Twitches  in  Which  the  Time-course 

of  the  Active  State  is  Altered. 


Intensity  of 

the  Active  State  (P/Po) 


Time  (arbitrary  units) 
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of  the  active  state,  the  tension  can  no  longer  increase. 
Thus,  peak  tension  in  twitch  defines  a  point  on  the  curve 
representing  the  time-course  of  the  active  state.  decreas¬ 
ing  the  series  elasticity  increases  the  time  taken  to 
reach  peak  twitch  tension.  Since  this  point  in  time  lies 
on  the  curve  describing  the  active  state  and  since  this  is 
decreasing  at  all  times  after  the  end  of  the  active  state 
plateau,  the  tension  achieved  at  this  peak  is  less  than 
when  there  was  no  decrease  in  the  series  elasticity.  This 
is  represented  diagrammatically  in  Figure  Dl.  If,  however, 
only  the  time-course  of  the  active  state  is  altered  such 
that  the  duration  of  the  plateau  is  reduced  and  the  fall 
in  the  intensity  is  more  abrupt  than  before  alteration, 
then  for  no  change  in  the  series  elasticity,  the  twitch 
tension  is  less  and  the  time  taken  to  reach  the  peak  of 
twitch  is  less  than  is  seen  before  the  alteration .  This 
is  represented  diagrammatically  in  Figure  D2 . 

In  tetanus,  the  muscle  is  repeatedly  stimulated  in 
such  a  fashion  that  the  plateau  of  the  active  state  is 
prolonged  by  each  successive  stimulus  and  the  tension 
eventually  reaches  a  value  equal  to  the  maximum  possible 
intensity  of  the  active  state.  Apart  from  changing  the 
optimum  frequency  of  stimulus  required,  changes  in  the 
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duration  of  the  active  state  plateau  will  not  influence 
tetanic  tension.  Changes  in  the  rate  of  fall  of  the 
intensity  of  the  active  state  have  no  effect  on  the 
tetanic  tension  achieved  since  the  repeated  stimuli  do  not 
permit  the  intensity  of  the  state  to  fall. 

Changes  in  the  series  elasticity,  however,  will  alter 
the  rate  of  development  of  tetanus.  Specifically,  decreas¬ 
ing  the  elasticity  decreases  the  rate  of  rise  of  tension, 
since  the  decreased  elasticity  is  more  capable  of  absorb¬ 
ing  the  rapid  changes  of  the  contractile  components. 

The  twitch/tetanus  tension  ratio  standardizes  twitch 
tension  to  a  maximum  value  of  unity  (achieved  in  tetanus, 
in  fact) .  Any  changes  in  the  twitch/tetanus  ratio,  if  the 
contractile  sub-system  is  unaltered,  must  be  due  to  either 
elasticity  or  active  state  changes.  decreasing  the  series 
elasticity  reduces  this  ratio,  since  it  reduces  the  peak 
twitch  tension,  and  increasing  the  active  state  time-course 
will  increase  this  ratio,  since  the  muscle  is  given  a 
longer  period  of  time  to  develop  tension  in  twitch. 

The  most  prominent  feature  of  the  present  results  is 
that  denervation  had  little  effect  on  the  isotonic  para¬ 
meters  for  the  muscle,  but  that  denervation  did  alter  the 
characteristics  of  the  isometric  twitch  and  tetanus. 
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Since  the  isotonic  parameters  were  unaltered  by 
denervation,  except  at  15°C,  it  is  clear  that  the  con¬ 
tractile  components  were  not  significantly  altered  by 
denervation.  Further,  since  the  isometric  twitch  and 
tetanus  were  altered  by  denervation,  this  alteration  must 
either  be  due  to  changes  in  series  elasticity  or  to 
changes  in  the  active  state  or  to  both. 

In  this  work,  the  units  used  to  represent  tension 
were  "kg/cnP".  These  were  arrived  at  by  correcting  the 
tension  recorded  experimentally  with  a  factor  that  depended 
on  the  muscle  weight  and  length.  The  equation  used  was: 

Tension  recorded  (gm)  X  Muscle  length  (cm) 

Tension  (kg/cnP)  =  - 77 - - - p;  ■ ; - : - a - 

Muscle  weight (mgm) 

This  equation  assumes  that  one  gram  of  muscle  contains  one 
cubic  centimeter  of  contractile  tissue.  That  is  to  say, 
the  density  of  muscle  is  taken  to  be  unity.  This  correct  ion 
is  necessary  since  the  tension  generated  by  muscle  is  pro¬ 
portional  to  the  number  of  myo-fibrils  that  are  contracting. 
It  is  assumed  that  the  number  of  myo-fibrils  is  proportional 
to  the  cross-sectional  area  of  muscle  that  is  contracting. 
This  scheme  is  usually  satisfactory  for  any  given  muscle, 
but  since  denervation  is  known  to  cause  muscular  atrophy, 
the  question  arises  -  does  the  relative  weight  of  contract¬ 


ile  tissue  to  muscle  weight  alter  following  denervation? 
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If  the  contractile  portion  is  selectively  altered,  then 
the  scheme  used  for  correcting  recorded  tension  is 
inappropr iate . 

Let  us  assume,  for  the  moment,  that  denervation 
caused  the  muscle  fibres  to  become  smaller  in  diameter, 
but  did  not  affect  the  connective  tissue.  Then  a  given 
weight  of  muscle,  before  denervation,  would  have  a  larger 
percentage  of  muscle  fibre  weight  than  the  same  weight  of 
muscle  after  denervation.  Without  any  real  change  in 
the  tension  produced  by  a  given  cross-sectional  area  of 
muscle  fibres,  the  denervated  muscle  would  appear  to  be 
producing  less.  Fischer  &  Ramsey  (6)  have  shown  that  the 
rate  of  connective  tissue  synthesis  is  unaltered  by 
denervation.  This  suggests  that  the  atrophy  is  due  to 
changes  in  the  muscle  fibres  themselves.  This  would 
explain  some  of  the  differences  seen  between  normal  and 
denervated  muscle  regarding  the  tensions  generated  in 
twitch  and  in  tetanus. 

In  relation  to  these  remarks,  it  should  be  added  that 
Stewart  (28)  reports  that  denervated  rat  hemidiaphragm 
undergoes  hypertrophy  for  10  to  12  days  following  denervat¬ 
ion  and  then  atrophies  like  other  muscle.  This  study  was 
performed  on  the  Sprague-Dawley  strain.  Our  study  used 
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rats  of  the  Wistar  strain.  This  was  probably  not  an 
important  difference  and  it  must  be  conceded  that  if 
hypertrophy  existed  in  the  denervated  muscles  at  the  time 
of  the  experiment,  then  the  reasoning  stated  above  is  not 
applicable.  Most  of  the  present  experiments  were  under¬ 
taken  after  12  days  and  it  is  considered  that  hypertrophy 
was  not  a  factor. 

The  results  of  Sections  4  and  5  indicated  that 
normal  muscle  developed  isometric  tension  at  greater 
maximum,  rates  than  denervated  muscle  at  all  temperatures 
studied.  For  example,  at  35°C,  normal  muscle  had  a  mean 
maximum  rate  of  rise  of  tension  in  isometric  tetanus  that 
was  nearly  twice  that  of  denervated  muscle.  This  could 
only  be  due  to  changes  in  the  series  elasticity,  since 
active  state  changes  are  not  a  factor  in  tetanus.  The 
results  of  Section  10  indicate  that  the  force-velocity 
relationship  of  the  muscle  at  this  temperature  is  not 
altered  by  denervation.  This  change  in  elasticity  would 
have  to  be  such  that,  following  denervation,  the  series 
elasticity  was  decreased. 

In  Results  Sections  1  and  3,  twitch  tension  was  seen 
to  be  altered  by  both  denervation  and  temperature.  The 
twitch/tetanus  ratio  data  of  Section  3  essentially  sets  the 
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FIGURE  D3 

Hypothetical  Twitch.es  in  Which.  Both,  the  Series 

Elasticity  and  the  Active  State  Time-course  is  Altered 

Intensity  of 

the  Active  State  (P/Po) 


E*j  and  S2  are  measures  of  series  elasticity  for 


the  muscles. 
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maximum  intensity  of  the  active  state  of  muscle  to  unity, 
independent  of  temperature  and  nervous  supply.  Peak 
tension  seen  in  twitch  is  thus  easily  compared  with  respect 
to  temperature  and  with  respect  to  the  muscle  being  dener- 
vated  or  normal  with  variation  in  the  maximum  intensity  of 
the  active  state  eliminated  from  the  comparison.  The 
larger  ratios  of  normal  muscle  at  the  lower  temperatures 
over  those  of  denervated  muscle  suggest  that  either  normal 
muscle  has  stiffer  series  elasticity  or  that  the  active 
state  time-course  for  normal  muscle  falls  more  slowly 
than  that  of  denervated  muscle,  or  both.  The  results  of 
Section  9  indicate  that  the  duration  of  the  active  state 
plateau  in  normal  muscle  exceeds  that  of  denervated  muscle 
for  all  temperatures  below  25°C.  If  one  can  assume  that, 
in  this  temperature  region,  the  time-course  is  also  longer 
so  that  the  active  state  intensity  falls  more  slowly,  then 
this  is  sufficient  to  explain  the  twitch/tetanus  ratio  of 
normal  muscle  exceeding  that  of  denervated  muscle,  below 
25°C.  Further,  as  indicated  above,  the  series  elasticity 
is  decreased  by  denervation.  Thus,  both  effects  would 
appear  to  be  acting  in  concert  to  cause  the  reduced  twitch/ 
tetanus  ratio  seen  following  denervation,  below  25°C.  This 
is  represented  in  Figure  D3 . 
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An  increased  series  elasticity  couples  with  a  faster 
fall  in  the  time-course  of  the  active  state  could  only 
result  in  a  decrease  in  the  twitch/tetanus  ratio  if  the 
effect  of  the  active  state  was  greater  than  the  effect 
of  the  series  elasticity.  This  appears  to  be  the  case 
above  25°C.  The  duration  of  the  active  state  plateau  in 
normal  muscle  is  seen  to  be  less  than  that  of  denervated 
muscle  above  25°C.  Again,  assuming  that  the  duration  of 
the  active  state  plateau  indicates  the  nature  of  the  time- 
course  of  the  active  state  in  general,  it  follows  that 
above  25°C  the  active  state  in  denervated  muscle  falls 
more  slowly  than  in  normal  muscle.  This  has  the  effect  of 
"cutting-off"  the  twitch  earlier  in  normal  muscle  than  in 
denervated  muscle.  And  as  a  result,  in  spite  of  normal 
muscle  having  the  stiffer  elasticity,  denervated  muscle 
develops  more  relative  tension  than  normal  muscle  does, 
in  twitch  above  25°C.  A  representation  of  this  can  be  seen 
in  Figure  D4 . 

An  unpublished  study  by  Padsha  (personal  communication) 
indicated  that  the  duration  of  time  between  the  stimulus 
and  the  achieve^of  peak  tension  in  twitch  was  increased 
by  denervation.  This  was  found  to  be  true  over  the  temp¬ 
erature  range  10°C  to  35°C,  the  difference  increasing  with 
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FIGURE  D4 

Two  Hypothetical  Twitches  in  Which  the  Effect  of 

Increased  Series  Elasticity  is  Compensated  by 

Active  State  Changes. 

Intensity  of 

the  Active  State  (P/Po) 


E-j  and  E2  are  measures  of  series  elasticity  for 


the  muscles. 
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increasing  temperatures.  This  suggests  that  the  time-course 
of  the  active  state  for  norma],  muscle  falls  more  rapidly 
than  that  of  denervated  muscle  at  temperatures  below  25°C/ 
in  spite  of  the  duration  of  the  active  state  plateau  being 
longer  in  normal  muscle  at  these  temperatures.  Figure  D5 
represents  this,  and  should  be  compared  with  Figure  D3 .  As 
the  figures  suggest,  very  great  differences  in  series 
elasticity  are  necessary  to  explain  this.  However,  Results 
Section  6  provides  evidence  to  support  the  hypothesis  that 
the  series  elasticity  is  altered  more  by  denervation  at 
lower  temperatures  than  at  the  higher  ones.  As  can  be  seen 
in  both  Table  R6  and  Figure  R6,  the  maximum  rate  of  rise  of 
tension  in  tetanus  in  normal  muscle  at  35°C  is  twice  that 
of  denervated  muscle,  but  at  10°C  the  maximum  rate  of  rise 
of  tetanus  in  normal  muscle  is  ten  times  that  of  denervated 
muscle.  Clearly,  in  addition  to  being  decreased  by  dener¬ 
vation,  series  elasticity  is  also  differentially  decreased 
in  denervated  muscle  over  that  of  normal  muscle  as  the 
temperature  is  reduced. 

The  present  results  indicate  that  denervation  results 
in  both  active  state  changes  and  in  series  elasticity 
changes  in  the  muscle.  The  changes  in  elasticity  are 
towards  smaller  elasticity,  especially  at  lower  temperatures. 
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FIGURE  D5 

Two  Hypothetical  Twitches  in  Which  Series  Elasticity 
and  Active  State  Changes  Apparent. 

Intensity  of 

the  Active  State  (P/Po) 


E«j  and  ^  are  measures  of  series  elasticity  for 


the  muscles. 
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The  active  state  changes  are  not  so  simple.  At  temperatures 
between  25°C  and  35°C/  the  active  state  plateau  duration 
is  increased  by  denervation  and  the  time  course  of  the 
active  state  is  altered  so  as  to  fall  more  slowly  than  that 
of  normal  muscle.  At  lower  temperatures,  the  active  state 
plateau  duration  is  reduced  by  denervation  but  the  rate 
of  decay  of  the  active  state  is  less  than  that  of  normal 
muscle.  This  hypothesis  fits  the  twitch/tetanus  ratio  data, 
maximum  rate  of  change  of  tension  data,  isotonic  data,  and 
the  contraction-time  data  of  Padsha. 

This  work  raises  many  questions  that  can  only  be 
answered  by  future  experiments.  First,  what  is  the  series 
elasticity  for  both  normal  and  denervated  muscle,  at  the 
various  temperatures?  Secondly,  what  is  the  complete  time- 
course  of  the  active  state  at  the  various  temperatures  for 
normal  and  denervated  muscle?  Also,  what  amount  of  atrophy 
really  occurs,  and  is  it  entirely  atrophy  of  the  muscle 
fibres?  Ultimately,  one  should  like  to  know  how  denervation 


causes  these  changes. 


■ 

' 


. 


Harafl  . 


-77- 


SUMMARY 

The  left  hemidiaphragm  of  Wistar  rats  was  denervated. 
After  a  few  weeks  delay,  denervated  and  normal  diaphragm 
muscle  strips  were  dissected  out  for  use  experimentally. 

It  was  found  that: 

1.  A.  Normal  muscle  twitch  tension  was  maximal  at  20°C. 

o 

B.  Denervated  muscle  twitch  tension  was  maximal  at  35  C. 

2.  A.  Normal  muscle  tetanic  tension  was  maximal  over  the 
broad  range  of  temperatures  of  25°C  to  35°C. 

o 

B.  Denervated  muscle  tetanic  tension  was  maximal  at  35  C. 

3.  A.  The  twitch/tetanus  ratio  for  normal  muscle  declined 

o 

from  maximum  values  at  temperatures  of  about  10  C  to  minimum 

o 

values  at  about  35  C. 

B.  The  twitch/tetanus  ratio  for  denervated  muscle  was 
relatively  constant  for  the  range  of  temperatures  investigated. 

4.  The  maximum  rate  of  rise  of  tension  in  twitch  and  in 
tetanus  for  normal  muscle  exceeded  that  of  denervated  muscle 
at  all  temperatures. 

5.  A.  The  duration  of  the  active  state  plateau  in  normal 
muscle  fell  as  temperature  was  increased.  The  rate  of  fall 
was  approximately  exponential. 

B.  The  duration  of  the  active  state  plateau  in  denervated 
muscle  fell  approximately  exponentially  as  temperature  was 
increased,  but  at  a  lesser  rate  than  for  normal  muscle. 


' 


. 

*  •  '■ 

, 


-78- 


6.  The  force-velocity  relationships  for  rat  diaphragm 

o  o 

muscle  at  25  C  and  35  C  were  not  seen  to  be  altered  by 

o 

denervation.  Some  changes  at  15  C  were  observed. 

7.  Isometric  changes  seen  following  denervation  were 
attributed  to  the  observed  active  state  changes  and  to 
inferred  series  elasticity  changes. 


. 
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APPENDIX  1 

The  Method  Used  for  Evaluating  the  Force-Velocity 
Constants  "a11  and  "b" . 

From  Hill  (11)  we  have: 

(  P  +  a  )  (  V  -f  b  )  =  b(  Po  +  a  )  (1) 

Alternatively : 

V  =  b(  Po  -  P  )/  (  P  +  a  )  (2) 

From  data  one  has  N  pairs  of  values  for  P  and  V.  Assuming 
the  constants  a  and  b  exist  and  that  one  of  the  N  values 
of  P  is  Po  (  for  which  V  =  0  )  then  the  error  Ej  exists 
such  that: 


E-i  =  V-i  -  (b(  Po  -  P-i  )/(  P-i  +  a)) 


(3) 


It  is  desired  to  make  the  sum  of  these  errors-squared  a 


minimum  by  adjusting  a  and  b  appropriately.  We  define: 
tj  ~ 


s  =  Ze- 


J* / 


The  error  term  S  is  at  a  minimum  when  both  partial 


(4) 


derivatives  dS/da  =  dS/db  =  0 


dS/da  =  2^_((  Pj  +  a)  (V_.  +  b) 


- 

sj 

dS/db  =  ( (  P .  +  a)  (V.  +  b) 

4-  3  3 

From  (5)  and  (6)  we  have: 
xy  2 

>ZTT 

J 


-  b (  Po  +  a) ) V . 

3 

-  b (Po  +  a) ) (Po  - 


(5) 

(6) 


Pj)  (7) 


ay~  V2  +  b7~V.  (  Po  -  P  . )  =  - 

:  3  4-  3  j 


Zp  .v2 

j  3  3 


(8) 
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From  (5)  and  (7)  we  have: 

aY  V .  (  Po-P.)  +  b7  (Po  -  P.)2  =  _Yv.P.  (Po-P  . )  (9) 

J  3  3  o  3  f  3  3  3 

If  equations  (8)  and  (9)  are  written  in  matrix  form 
we  have  : 


r 

V  2 

> 

,Zv.  (Po-P.) 

J  3  3 

r  s 

0. 

r  v  2 

-/  P .V . 

T  3  9 

^V.fPo-P.) 

,7  (Po-P  ) 2 

J  3  J 

b 

- J P .V . (Po-P . ) 
j  3  3  3 

This  is  solved  in  conventional  fashion  for  a  and  b. 


